Abstract: The present in vivo study was conducted to evaluate whether hydrophilic (HL) or hydrophobic (HP) carbon nanotubes (CNTs) impregnated with subventricular zone neural progenitor cells (SVZ NPCs) could repair damaged neural tissue following stroke. For this purpose, stroke damaged rats were transplanted with HL CNT-SVZ NPCs, HP CNT-SVZ NPCs, or SVZ NPCs alone for 1, 3, 5, and 8 weeks. Results showed that the HP CNT-SVZ NPC transplants improved rat behavior and reduced infarct cyst volume and infarct cyst area compared with the experimental control and the HL CNT-SVZ NPC and SVZ NPCs alone groups. The transplantation groups showed an increase in the expression of nestin (cell stemness marker) and proliferation which was evident with the increased number of doublecortin and bromodeoxyuridine double-stained immunopositive cells around the lesion site. But, these effects were more prominent in the HP CNT-SVZ NPC group compared with the other transplantation groups. The HP CNT-SVZ NPC and HL CNT-SVZ NPC transplants increased the number of microtubule-associated protein 2 (marker for neurons) and decreased the number of glial fibrillary acidic protein (marker for astroglial cells) positive cells within the injury epicenter. The majority of the transplanted HP CNT-SVZ NPCs collectively broadened around the ischemic injured region and the SVZ NPCs differentiated into mature neurons, attained the synapse morphology (TUJ1, synaptophysin), and decreased microglial activation (CD11b/c ). For these reasons, this study provided the first evidence that CNTs can improve stem cell differentiation to heal stroke damage and, thus, deserve further attention.
Introduction
In recent years, the design of biomaterials has evolved from the classical, first generation material-based approach that favored mechanical strength, durability, bioinertness, and biocompatibility to one that seeks to incorporate instructive signals into scaffolds to modulate cellular functions such as proliferation, differentiation, and morphogenesis. 1 To impart bioactivity to these biomaterials, their surfaces may be adorned with signaling molecules such as glycosaminoglycans, proteoglycans, and glycoproteins normally associated with the extracellular matrix (ECM) on cell surfaces, or they may be loaded with soluble bioactive molecules such as chemokines, cytokines, growth factors, or hormones which could enhance paracrine effects. 1 In the central nervous system (CNS), neural cells adhere to the fibrillar protein meshwork known as the ECM. Dynamic cell ECM interactions trigger specific cell signaling and maintain proper cell growth, differentiation, and survival. A loss of cell-ECM contacts may cause cell apoptosis. 2, 3 In the ECM, there is a microenvironment (niche),
in which extrinsic signals such as ECM proteins and soluble factors from other cells control progenitor cell proliferation and fate. 2, 3 It is for this reason that nanotechnology (or the use of nanostructured materials that mimic the biological milieu) has attracted so much attention in biomaterials. Only nanoscale biomaterials mimic the natural structure and topography of the ECM.
Many researchers have indeed used nanostructured biomaterials to stimulate mature cell types such as epithelial cells, fibroblasts, muscle cells, and neurons. 4, 5 This nanosensitivity has recently been extended to the differentiation of various stem cells including mesenchymal stem cells. 6 More importantly, the influence of surface features or topography on differentiated cellular growth, movement, and orientation has long been recognized. [7] [8] [9] [10] For example, adult hippocampal progenitor cells, cocultured with postnatal rat type-1 astrocytes, were found to be extended axially along the grooves of micropatterned polystyrene substrates which were chemically modified with laminin. 11 Directionally aligned poly(L-lactide) nanofibrous scaffolds fabricated by electrospinning induce neural stem cells (NSCs) to align themselves parallel to the fibers. 12 Microcontact printing of neuron-adhesive peptides using polydimethylsiloxane soft lithography has provided a valuable tool for studying axonal guidance and neurite formation in developmental neurobiology. 13 Substrate nanopatterning holds particular utility in neural tissue engineering because repair of neurological injuries often requires directional guidance in terms of neuronal growth, migration, neurite projection, or synapse formation. 2, 14 In addition, McBeath et al demonstrated that the fate of mesenchymal stem cell differentiation can be altered by manipulating cell shape using a micropatterned adhesive substrate. 15 Lastly, the effect of surface wettability on cell-biomaterial interactions has been extensively studied. Its importance in the design of implantable scaffolds was first reported by Weiss in 1960, 16 later confirmed by many others. 5, [17] [18] [19] [20] [21] [22] Since cells effectively adhered onto polymer surfaces with moderate wettability as demonstrated by water contact angles of 40-70 degress, [23] [24] [25] [26] [27] it is clear that the wettability of a biomaterial surface plays a critical role in cell attachment and proliferation. [28] [29] [30] In addition, it has been shown that most human bone marrow stromal cells attached to hydrophobic (HP) surfaces had smaller surface contact areas, resulting in a more rounded cell morphology. 28 Of course, the CNS has limited regenerative potential when inflicted with lesions resulting from trauma, stroke, or neuropathological conditions. Repair from neurological injuries in the CNS is complicated by the presence of inhibitors for nerve regeneration, notably neurite outgrowth inhibitors and myelin-associated glycoproteins. 31 Recently, stem cell research has provided hope for replacing lost neuronal cells for several neurodegenerative diseases. Functional recovery following brain and spinal cord injuries likely require the transplantation of exogenous NSCs and tissues, since the mammalian CNS has little capacity for self-repair. 1, 32, 33 Also, clinical trials using the transplantation of NSCs to treat neurodegenerative diseases such as stroke has raised questions regarding the effectiveness of this strategy. 34 NSCs are defined as self-renewing, primordial cells with the capacity to give rise to a differentiated progeny with all neural lineages, and are posited to exist in embryonic and fetal germinal zones where they participate in CNS organogenesis. 35, 36 In the adult mammalian brain, NSCs were reported from two specific regions, the subventricular zone (SVZ) and the dentate gyrus area of the hippocampus, 37 and it remains to be determined whether these NSCs also participate in self-repair mechanisms. It is known that cells with stem cell-like characteristics can be isolated from the mammalian CNS at all ages, propagated in culture, and reimplanted into injured CNS regions. 31, 36, [38] [39] [40] [41] However, previous studies suggested that endogenous selfrepair capacity is not enough to compensate for damaged neural tissues, 1, 32, 33 and the transplantation of exogenous neural cells or tissues have limitations because of low survival rate at the injury sites. 33 Approaches towards enhancing the survival rate of the transplanted NSCs include an alternative strategy for building biological substitutes, such as a three-dimensional culture of neural cells to repair or replace the function of damaged nerve tissues. Tissue engineering in combination with neural cells may generate functional three-dimensional constructs to serve as a replacement for damaged tissues or organs. 2, 42, 43 Among the various biomaterials available, carbon nanotubes (CNTs) are one of the most attractive candidates for therapeutic strategies.
Of late, among many types of biomaterials available, CNTs have attracted much attention in the neural biomaterials' field since they have been shown to be electrically active, 44 can be formulated to match the dimensions of components of brain tissue such as laminin, [45] [46] [47] [48] [49] and their wettability can be easily controlled. Previous in vitro studies have measured increased neurite and axonal outgrowth from neurons on carbon nanofibers/CNTs compared to currently used nervous system implants such as silicon. 48 It was also reported that CNT substrates, which boost neuronal electrical signaling, 
Dovepress

decrease astrocyte formation and macrophage density (cells which synthesize unwanted glial scar tissue in the brain when overstimulated) compared to silicone implants in vitro. 48 Other in vitro studies have examined the potential use of carbon nanofibers/CNTs in orthopedic applications triggering in vitro bone formation and decreasing fibrous scar tissue formation compared to conventional materials used in orthopedics such as titanium. 49 Previously, it was reported that CNTs can increase the differentiation of NSCs to neurons 50 and CNTs can decrease macrophage activation, which collectively indicates promise for the use of CNTs as novel stem cell delivery vehicles for treating stroke damaged neural tissue. 51, 52 These attractive properties of CNTs have been attributed to their unique conductivity and surface energetics capable of promoting the adsorption of endogenous proteins important for mediating cell adhesion (particularly the adsorption of vitronectin and fibronectin). [53] [54] [55] CNTs have been exploited due to their "cell-friendly" nature which aids in promoting the functions of damaged neurons. 48 Specifically, researchers have developed micron patterns of CNTs on polymers such as polycarbonate urethane, which enable neuron cell attachment and extension of neurites along CNT regions. These results highlight the ability of CNTs to direct functions of neurons to potentially heal damaged neural tissue. 48, 50 The current study continues such promising work to determine in vivo if CNTs impregnated with SVZ neural progenitor cells (NPCs) could treat rats with stroke-induced brain damage 1, 3, 5, or 8 weeks postinjury. Promising results suggest that CNTs should be studied further to return motor function to stroke induced patients.
Material and methods Substrates
CNTs were purchased from Applied Sciences, Inc (Cedarville, OH). They possessed diameters of either 60 nm or 100 nm and lengths of up to 5 µm. The surface energy of the CNTs was controlled by the presence or absence of a hydrocarbon outer layer. 47, 49 CNTs with a hydrocarbon outer layer (100 nm diameters in which the hydrocarbon outer layer was formed naturally during the carbon vapor deposition synthesis) possessed relatively HP surface properties (HP CNTs) compared to those without the hydrocarbon outer layer (60 
In vivo model Animals
For this study, male Sprague-Dawley rats from Samtako (Osan, South Korea) were used. All animal procedures were conducted according to a protocol approved by the Yonsei University (Seoul, South Korea) Animal Care and Use Committee in accordance with National Institutes of Health guidelines. Male Sprague Dawley rats (Osan, South Korea) weighing 300-330 g were used. Rats were kept on a 12-hour light/dark cycle with ad libitum access to food and water. Rats were acclimated for 3 days before experimentation.
Focal cerebral ischemia model
Male rats (300-330 g) were subjected to 90 minutes of transient middle cerebral artery occlusion (MCAO, n = 50). Animals were anesthetized with a ketamine cocktail (300 mg/kg) intramuscularly. The depth of anesthesia was assessed by a toe pinch at every 15 minutes. Rectal temperature, respiration, and heart rate were monitored and maintained in the physiological range throughout the surgery. Focal cerebral ischemia was induced using an occluding intraluminal suture. 56, 57 Briefly, the rat was placed on a stereotaxic frame 5002 (David Kopf Instruments, Tujunga, CA). A craniectomy (3 mm in diameter, 6 mm lateral and 2 mm caudal to the bregma) was performed with extreme care over the MCA territory using a trephine (RTX-1-KR, Black & Decker, Korea). The dura mater was left intact and a laser Doppler flowmeter probe was placed on the surface of the ipsilateral cortex and fixed to the periosteum. The probe submit your manuscript | www.dovepress.com
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was connected to a laser flowmeter device (Omegaflo FLO-C1; Omegawave Inc, Tokyo, Japan) for continuous monitoring of regional cerebral blood flow. The left carotid artery and its branches were exposed through a midline cervical incision. The left external carotid artery was tied by a 3 mm monofilament nylon to block its branches. In brief, an uncoated 30 mm segment of a 3 mm Dermalon™ suture (blue monofilament nylon DG; Ethicon Inc, Somerville, NJ) with the tip rounded by a flame was inserted into the arteriotomy and advanced under direct visualization into the internal carotid artery 20-25 mm from the bifurcation to occlude the ostium of the MCA, until regional cerebral blood flow was reduced to 15%-20% of the baseline (recorded by a laser Doppler flowmeter). After 90 minutes of occlusion, the suture was pulled back to restore the blood flow (confirmed by the return of regional cerebral blood flow to the baseline level), the site on the arteriotomy was tied and surgical incisions were closed. Animals were allowed to recover. Twenty-two hours later, the animals were euthanized with an isoflurane overdose. The brains were removed and 2-mm thick blocks were cut in the coronal plane, stained with 2% triphenyl tetrazolium chloride (TTC; Sigma-Aldrich) to delineate regions of infarction, and embedded in paraffin. After paraffin embedding, 5-µm thick sections were stained with hematoxylin and eosin (Mutopure Chemicals Co. Ltd, Tokyo, Japan). The initial stroke damage was confirmed via magnetic resonance imaging (3.0 Tesla MR system, Intera Achieva, Philips Medical Systems, Netherlands) and TTC staining.
A 2-3 mm hole was drilled over the skull and the probe was placed over the brain in a region corresponding to the ischemic core. Stable readings were obtained before advancing the suture, and regional cerebral blood flow was determined using laser Doppler flowmetry and expressed as the percentage change from baseline. Regional cerebral blood flow was estimated at four different times: before and during MCAO (90 minutes), and 1 hour and 2 hours after reperfusion in all the experimental groups. 56, 57 Ischemic lesion analysis and microinjection of CNTs impregnated with SVZ NPCs were sacrificed at 24 hours postsurgery and TTC staining was completed to demonstrate the infarct in real size, which was characterized with structural disintegration ( Figure 1B-a) . A vibrissae reflex test was also completed to confirm brain injury 24 hours after MCAO. After confirmation of neural damage, rats were anesthetized with a ketamine cocktail (300 mg/kg) and then positioned on a stereotaxic apparatus (David Kopf). Microinjection (0.2 mm posterior from the bregma, 2 mm lateral from the sagittal suture, and 4.5 mm below the dura mater) of SVZ NPCs (5.0 × 10 5 cells/10 µL) and each type of CNTs impregnated with SVZ NPCs (ie, HP CNT-SVZ NPC and HL CNT-SVZ NPC transplants) was completed using a 31 gauge needle through a dentist's burr hole onto the upper striatum of the rat brains which possessed stroke damage. Then, the rats were sacrificed after 1, 3, 5, and 8 weeks from transplantation.
Infarct volume assessment
Animals were deeply anesthetized with chloral hydrate (Sigma-Aldrich) at 1, 3, 5, and 8 weeks postinjury in the SVZ NPCs alone or CNTs impregnated with SVZ NPC transplantation groups. The experimental groups were transcardially perfused with heparinized saline followed by 4% paraformaldehyde. The brains were postfixed with 4% paraformaldehyde 16-24 hours. Later, the brains were sliced into coronal sections 2 mm thick using a rat brain matrix (Ted Pella, Redding, CA). The sliced brain tissues were embedded in paraffin, and then were sectioned into 4 µM thickness using a microtome and were stained by hematoxylin and eosin. The volume of cerebral tissue infarction was determined from hematoxylin and eosin-stained sections (12 sections per animal). Using OPTIMUS ® 6.0 software (OPTIMUS Corporation, Fort Collins, CO), the area of the infarct cyst of both hemispheres were measured by tracing them on the computer screen. Infarct volume (mm 3 ) was calculated by averaging the area of injury recorded from each slide. The value was multiplied by the total distance between the first and last sections (ie, from the beginning of infarct cyst until the end of the cyst). 58 
Histological examination
Rats were anesthetized with chloral hydrate and decapitated 22 hours after MCAO. Rat brains were cut into coronal slices 2 mm thick using a rat brain matrix (Ted Pella). The brain slices were fixed with 4% paraformaldehyde (pH 7.4) in 0.1M phosphate buffered saline (Sigma-Aldrich) for 1 day and subsequently embedded in a paraffin block. After paraffin embedding, 5 µm thick sections were used either for hematoxylin and eosin staining or for immunostaining. 59 
Immunohistochemistry
After the end of the prescribed time periods, healing of the damaged brain tissue was measured from histological sections and injected SVZ NPCs were immunostained with an anti-BrdU antibody (Lab Vision, Fremont, CA) before transplantation. The injected SVZ NPCs were typified by immunostaining with nestin (a marker for NPCs; Millipore Biosciences Research Reagents, Temecula, CA), microtubule-like associated protein 2 (MAP2, a marker for fully differentiated neurons; Sigma-Aldrich), TUJ1 (a marker for early neurons and mature neurons; Covance Inc, Berkeley, CA), glial fibrillary acidic protein (GFAP, a marker for astrocytes; Millipore), and CD11b/c (OX-42, a marker for reactive microglial cells; Abcam, Cambridge, MA), followed by an appropriate biotinylated secondary antibody. Staining was visualized using the Zymed ® Histostain-Plus Bulk kit (Invitrogen) and then reacted with diaminobenzidine (Sigma-Aldrich) or Fast-Red (Lab Vision). The secondary antibodies for immunofluorescence staining were goat antirabbit immunoglobulin G fluorescein isothiocyanate (Millipore) and goat anti-mouse immunoglobulin G rhodamine (Millipore). Immunostaining controls were prepared by incubating cells or tissues without primary antibodies. All incubation steps were performed in a humidified chamber. In this manner, increased staining of nestin and TUJ1 would indicate NPC differentiation into neurons while increased staining for GFAP would indicate glial scar tissue formation. To confirm a neurocircuit and synapse formation around CNTs, synaptophysin (Sigma-Aldrich) and TUJ1 antibodies were used. Furthermore, doublecortin (DCX; Abcam) was used to indicate migrating NPCs and OX-42 positive cells and to indicate reactive microglia cells around CNTs, the injury area, and scar regions. The SVZ NPCs were counterstained with 4′6-diamino-2-phenylindole (DAPI) for 10 min at room temperature for nuclear visualization. Controls consisted of the transplantation of SVZ NPCs without CNTs, and negative controls for experimental groups were the MCAOsubjected animals without SVZ NPC transplantation.
Neurological functional tests Rotarod test
An accelerating rat rotarod (47700; Ugo Basile, Comerio, Italy) was used to measure rat motor function and balance. The rats were placed on the rotarod cylinder and the time the animals remained on the rotarod was recorded. The speed was slowly increased from 4 rpm to 40 rpm within 5 minutes. A trial ended if the animal fell off from the rungs or gripped the device and spun around for two consecutive revolutions without attempting to walk on the rungs. The animals were submit your manuscript | www.dovepress.com Dovepress Dovepress trained 3 days before the MCAO surgery. The mean duration (in seconds) on the device was recorded with three rotarod measurements 1 day before surgery. Test data are presented as the percentage of mean duration (three trials) on the rotarod compared with the internal baseline control (before surgery). 60 Vibrissae stimulated forelimb placing test Animals were held with the forelimbs hanging freely and the vibrissae were lightly stimulated with the edge of a bench top. Normal rats with an intact cortex will typically place the forepaw ipsilateral to the stimulated vibrissae on the bench top. Ten ipsilateral placing reactions were determined. Placing errors for each forelimb were computed as the percentage of missed placements per trial in all the experimental groups. 61 
Treadmill test
Rats were trained 20 minutes per day for 1 week to run on a motor driven treadmill at a speed of 6.3-6.4 m/minute with a slope of zero degrees. Forelimbs were placed on a moving belt facing away from the grid and induced to step in the direction opposite to the movement of the belt. The number of steps was recorded with three trials in all the experimental groups.
Statistical analysis
Statistical tests to determine differences between groups were performed with analysis of variance and a paired Student's t-test using IBM ® SPSS version 14.0 (SPSS Inc, Chicago, IL). A P value of ,0.05 was considered significant. Data are expressed as the mean ± standard deviation.
Results
Morphology and cell lineage of SVZ NPCs and confirmation of ischemic lesion
As mentioned, the NPCs were isolated from the SVZ and were then cultured for 2 weeks until transplantation ( Figure 1A and B-c). The cultured SVZ NPCs differentiated after 2 weeks of culture ( Figure 1A-c and A-d) . The differentiated SVZ NPCs were stained predominantly with a neuronal cell marker (TUJ1) and an astrocyte marker (GFAP), with 4′,6-diamidino-2-phenylindole-labeled nuclei ( Figure 1A -e and A-f). Rats were sacrificed 24 hours after surgery and TTC staining was performed to identify the brain lesion ( Figure 1B-a) . The lesion was also matched with magnetic resonance images ( Figure 1B-b) .
Ischemic lesion analysis
MCAO injury resulted in extensive infarction and cavitations along the ipsilateral cortex and striatum in the brain. To visualize and measure the damaged brain tissue, hematoxylin and eosin staining was performed for the experimental control groups (EC) and the SVZ NPCs alone, HL CNT-SVZ NPC, and HP CNT-SVZ NPC transplantation groups (Figure 2A) at 3, 5, and 8 weeks after MCAO injury. The brain injury area and volume was measured using an image analysis software program OPTIMUS 6.0 (OPTIMUS Corporation, Fort Collins, CO, version 3.5) (Figure 2B and C) .
The infarct cyst volume and cyst area showed a significant decrease for the three transplantation groups compared with the EC groups. However, no significant difference was observed during infarct cyst volume and infarct cyst area analysis at 3 weeks and 5 weeks after MCAO injury (Figure 2 ). At 8 weeks, the three transplantation groups showed a significant reduction in the infarct cyst volume compared with the EC groups ( Figure 2B ). However, the HL CNT-SVZ NPC and HP CNT-SVZ NPC groups displayed better attenuation (P , 0.05) of the infarct cyst area compared with the SVZ NPCs alone group ( Figure 2C) . Importantly, the HP CNT-SVZ NPC transplants better compensated for the cavitations from MCAO injury compared with the other two transplantation groups after 3, 5, and 8 weeks of MCAO injury, but the values were not statistically significant among the groups (Figure 2B and C).
Neurological functional recovery tests
The animals were evaluated for their harmonic behavioral paradigm using an accelerating rotarod test until 8 weeks after MCAO injury. The three transplantation groups (SVZ NPCs alone, HL CNT-SVZ NPCs, and HP CNT-SVZ NPCs) displayed gradual improvement in the motor function -showing balance while holding the rotarod -compared to EC groups at all of the time periods; the values were statistically significant (P , 0.05) at 8 weeks. However, no significant divergence was observed among the three transplantation groups ( Figure 3A) .
The treadmill test results showed an improvement in rat walking ability in the three transplantation groups compared to the EC groups. The test results were found to be significant (P , 0.05) from 4 weeks until 8 weeks. Importantly, the HP CNT-SVZ NPC group showed better test scores compared with the other two transplantation groups, but the obtained scores were not significant between the groups ( Figure 3B ).
The sensory responses in all the experimental groups were tested with the vibrissae-stimulated forelimb placing test.
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The three transplantation groups showed an improvement in the withdrawal reflex compared to the EC group. The values were found to be significant (P , 0.05) from 4 weeks until 8 weeks after which no significant divergence existed between the groups. In contrast, EC groups regained only about 50% of reflex after 8 weeks of injury ( Figure 3C ).
BrdU labeling and detection of stemness in CNTs impregnated with SVZ NPCs
As mentioned, the SVZ NPCs were prestained with BrdU and transplanted along with HL CNTs or HP CNTs into the MCAO injured rat brain. The BrdU-labeled SVZ NPCs migrated sparsely around the ischemic core region 3 weeks after transplantation ( Figure 4A-a and B-a) . Immunostaining results showed that the BrdU-labeled immunopositive cells were present around the corpus callosum ( Figure 4A-c) for the HL CNT-SVZ NPC group, while no BrdU-labeled cells were found in the cortex region ( Figure 4A -b) at 3 weeks after transplantation. BrdU-labeled SVZ NPCs were found migrating towards the striatum region of the brain (Figure 4A-d) . Following MCAO, the transplantation of BrdU-labeled SVZ NPCs were concentrated along with the HP CNTs in the striatum region of the injured brain 3 weeks after MCAO injury ( Figure 4B-c and B-d) , but no BrdU-labeled immunopositive cells were found in the cortex region of the brain ( Figure 4B-b) .
Immunostaining was completed to detect the expression of nestin in HL CNT-SVZ NPCs and HP CNT-SVZ NPCs prestained with BrdU. Nestin immunopositive SVZ NPCs were observed around the HL CNTs and HP CNTs. Importantly, the total number of nestin immunopositive SVZ NPCs (brown stained) were found to be higher in the HP CNT-SVZ NPC group ( Figure 4B 
Migration and differentiation of the CNTs impregnated with SVZ NPCs
The migration and proliferation of the transplanted SVZ NPCs towards the injury site and scar area are important to compensate for the infarction caused by ischemic injury. DCX immunostaining was found in the SVZ NPCs alone ( Figure 5B and F), HL CNT-SVZ NPC, and HP CNT SVZ NPC transplantation groups at 3 weeks and 5 weeks after MCAO injury (Figure 5C , D, G, and H). No DCX/BrdU double-stained immunopositive cells were found in the EC group ( Figure 5A and E). Notably, the HP CNT-SVZ NPC group showed more DCX/BrdU double-stained immunopositive cells following MCAO injury compared with the other two transplantation groups at 5 weeks ( Figure 5H ). The transplanted cells migrated to the striatum and infarct scar regions.
Surface wettability of the CNTs impregnated with SVZ NPCs induced neurogenesis and functional synaptic formation
To ascertain whether the SVZ NPCs alone, HL CNT-SVZ NPC, and HP CNT-SVZ NPC transplants gave rise to neurons within the injury epicenter, immunostaining was performed for all the experimental groups with MAP2 at 5 weeks after ischemic injury ( Figure 6 ). The MCAO injury resulted in tissue loss and MAP2 immunostaining results showed less expression of MAP2 immunopositive cells in the MCAO brain without SVZ NPC transplantation (EC) at 5 weeks after MCAO injury ( Figure 6A ). However, the three transplantation groups showed immunoreactivity with a MAP2 antibody and were found within the injury epicenter and around CNTs at 5 weeks after MCAO injury (Figure 6B-D) . The HP CNT-SVZ NPC group showed higher interactions with SVZ NPCs and collectively spread around the ischemic injured brain to differentiate to become mature neurons at 5 weeks after transplantation ( Figure 6D ) compared with the SVZ NPC alone group ( Figure 6B ) and the HL CNT-SVZ NPC group ( Figure 6C) .
To examine the synapse formation, double-immunostaining for synaptophysin and TUJ1 -which reportedly correspond to synapses -were conducted after 5 weeks of transplantation in the HL CNT-SVZ NPC and HP CNT-SVZ NPC transplantation groups. At 5 weeks following transplantation, the HP CNT-SVZ NPC group was augmented with the formation of synapses to connect neuronal cells in the injured region submit your manuscript | www.dovepress.com
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Moon et al ( Figure 6F ). However, no such phenomenon was observed in the HL CNT-SVZ NPC group ( Figure 6E ). These results demonstrated that the HP CNT-SVZ NPC transplants exhibited the characteristics of functional neurons with a large degree of synapse formation.
Surface wettability of CNTs impregnated with SVZ NPCs decreases astrogenesis
Reactive astrogliosis is one of the key components of the cellular response to CNS injury and is considered to be a major impediment to axonal regeneration. Immunohistochemistry was performed for all the experimental groups to examine gliogenesis by checking the expression of astrocytes (GFAP) and proliferating cells (Ki67) at 5 weeks after MCAO injury. The EC group showed high immunoreactivity with the GFAP and KI67 antibody showing that gliogenesis was activated following MCAO injury ( Figure 7A ). GFAP positive cells were found in the three transplantation groups. The transplantation of SVZ NPCs alone showed a low number of GFAP and Ki67 positive cells ( Figure 7B ), but the number was higher when compared with the HL CNT-SVZ NPC and HP CNT-SVZ NPC groups ( Figure 7C and D) . The HP CNT-SVZ NPC transplants showed better attenuation of GFAP expression at 5 weeks after MCAO injury compared with the other experimental groups ( Figure 7D) . A similar pattern of GFAP expression was seen with the diaminobenzidine staining depicting that HP CNT-SVZ NPC transplants ( Figure 7F ) decreased astrocytes formation compared with HL CNT-SVZ NPC transplants ( Figure 7E ) at 5 weeks after MCAO injury. Impressively, the results obtained suggest that the activation of gliogenesis following MCAO injury was significantly abolished in the HP CNT-SVZ NPC transplants, thus, demonstrating the high compatibility of HP CNTs against brain injuries. Figure 8A and B). The activation was gradually diminished at 5 weeks in all the experimental groups. For both the HL CNT-SVZ NPC and HP CNT-SVZ NPC groups, less activated microglia was observed compared to the SVZ NPCs alone group. Importantly, the number of OX-42 immunopositive cells were lower in the HP CNT-SVZ NPC group compared with the other experimental groups at 1, 3, or 5 weeks after MCAO injury.
Surface wettability of CNTs impregnated with SVZ NPCs transplantation decreased the inflammatory responses after ischemic injury
Discussion
If designed correctly, biomaterials can provide a new cytoskeletal scaffold for restoring neural tissue function for numerous neurological disorders and injuries including stroke. 62, 63 Recently, several biomaterials have given hope to develop powerful tools for supporting NPC transplantation to repair damage in the CNS. While popular synthetic polymers, such as poly(D,L-lactide-co-glycolide) and poly(L-lactide), have been widely studied for various tissue engineering applications, they lack the necessary electrical properties for neural applications. 1 In contrast, CNTs are electrically active and can be formulated to mimic the nanoscale features of natural neurological tissues. 64 Compared to conventional carbon tubes, CNTs also possess unique mechanical properties such as high strength to weight ratios, high conductivity, and unique surface properties for regenerating neural networks. 64 Neurons deposited on CNTs have demonstrated a significant increase in formulating spontaneous postsynaptic currents, 44 and mesenchymal stem cells and NSCs grown on CNT arrays increase their potential for proliferation and differentiation. 50 However, the use of CNTs in vivo to promote stem cell functions for reversing neural damage has not been widely studied to date. The present study presents the first evidence of their promise towards differentiating NSCs to neurons to promote damaged neural tissue healing.
Cell adhesion on artificial materials is affected by their surface properties such as wettability, roughness, surface charge, and chemical functionalities. 65 Diverse properties of CNTs can help overcome the restriction and limitation of stem cell therapy. Overall, carbon nanomaterials could be used for promoting stem cells and NPC functions in an injured brain. In a previous study, it was demonstrated that CNTs assisted in the proliferation of mesenchymal stem cells and aided in the differentiation of NSCs in cell culture systems in vitro. 50 Therefore, the present study was conducted to prove whether HP CNTs or HL CNTs positively and selectively interacted with NPCs in the ischemic injured brain to assist NPCs to differentiate to become mature neural cells. Results demonstrated that the different wettability properties of CNTs influenced NPC differentiation into neurons and glial scar tissue formation. In particular, this study demonstrated for the first time that HP CNTs outperformed HL CNTs, which outperformed SVZ NPCs alone or no treatment at all (EC). In this manner, CNTs can be structurally supportive to the long-term survival and differentiation of exogenous SVZ NPCs. The functional recovery of rats when using SVZ NPCs alone, HP CNP-SVZ NPC, or HL CNT-SVZ NPC transplants was tested by rotarod, treadmill, and vibrissae-stimulated forelimb placing tests. The SVZ NPCs alone, HL CNT-SVZ NPC, and HP CNT-SVZ NPC transplants functionally improved rat function more than lesion-control groups (EC) for all the recovery tests performed. There was no significant difference among the SVZ NPCs alone, HL CNT-SVZ NPC, or HP CNT-SVZ NPC groups in the rotarod, treadmill, and vibrissae-stimulated forelimb placing tests. However, the HP CNT-SVZ NPC groups showed better test scores compared with the HL CNT-SVZ NPC and SVZ NPCs alone groups and, thus, more studies investigating this are needed. Teng et al 32 in 2002 demonstrated that rats with lesioned spinal cords implanted with NSC constructs improved recovery of hindlimb locomotor functions compared with empty scaffolds and cells. They claimed that the recovery was attributed to a reduction in tissue loss from secondary injury processes, diminished glial scarring, and, to a certain extent, reestablishment of axonal connectivity across the lesion supported by the NSCs scaffold construct. study in hypoxia-ischemia injury models reported diminished unilateral rotation because the synthetic ECM helped bridge large brain lesions and foster the creation of new tissues by impregnating NSCs. 33 In these studies, they did not study the relationship between the different wettability of nanomaterials and functional recovery of animals. As they stated, the synthetic scaffolds or CNTs might provide a platform to help recover the injured brain tissue. Even though behavior recovery was not significantly distinctive between the three transplantation groups here, the diminished infarction cavity improved effectiveness of the HP CNT-SVZ NPCs over HL CNT-SVZ NPCs and SVZ NPCs alone.
A study reported that exogenous stem cells were highly migratory, were attracted towards ischemic regions, and differentiated into neuronal cells to refill a cavity. 66 The highly conductive nature of CNTs is promising towards promoting SVZ NPCs differentiation. That is, it is plausible that immediately upon implantation, CNTs conduct electricity from the healthy parts of the brain and this conduction aids SVZ NPCs differentiation into neurons. Although the mechanisms of such differentiation were not elucidated here, the HP CNTs might have different conduction properties compared to the HL CNTs which may influence their agglomeration and overall ability to differentiate NPCs into neurons. 52, 67 Based on these hypotheses, immunolabeling with BrdU and nestin was completed to characterize the SVZ NPCs at 3 weeks following transplantation. The staining results showed that the rate of SVZ NPCs spreading was similar in the core striatum both in HL CNT-SVZ NPC and HP CNT-SVZ NPC groups. The HP CNTs interacted with SVZ NPCs which collectively spread around the ischemic injured brain and helped the SVZ NPCs residing in the brain to differentiate to become mature neurons 3 weeks or 5 weeks after transplantation. In terms of promoting SVZ NPCs differentiation into neurons and decreasing glial scar tissue formation, the SVZ NPCs alone, HL CNT-SVZ NPC, and HP CNT-SVZ NPC transplants increased the number of MAP2 positive cells and decreased the number of GFAP positive cells, but the HP CNT-SVZ NPC group had better results compared with other experimental groups at 3 weeks or 5 weeks after MCAO injury. Although controversial, astrocytes have been correlated with the formation of inhibitory glial scar tissue. Thus, a reduction in astrocyte growth following injury is believed to be desirable. 32 These distinctive results were related to CNT wettability in the current study in which HP CNTs decreased glial scar tissue the most. A study demonstrated decreased numbers of macrophages along aligned CNTs on polycarbonate urethane. 51 In a previous study, 68 while CNTs were functionalized to attach either electrostatically or covalently to deoxyribonucleic acid and ribonucleic acid, the remaining unfunctionalized and HP portions of the CNTs can be attracted to the HP regions of the cell. This hydrophobicity explains the nonspecific binding between nanotubes and proteins and in addition, they can be functionalized with bioactive proteins to help cross the cellular membrane. 68 Kim et al proved that wettable surfaces could regulate c-fos, c-myc, and p53 messenger ribonucleic acid expression of human bone marrow stromal cells suggesting that biomaterial wettability could alter messenger ribonucleic acid expression levels of cells to control cell proliferation. 28 The hydrophobicity of a biomaterial surface is directly related to cell adhesion to biomaterials since the cells adhere to the surface through binding of their adhesion receptors to adhesion ligands (ie, proteins) absorbed to the surface, and adhesion ligand adsorption to the surface depends on surface wettability which determines the conformation of the proteins on the surface. 67 Here, most of the primary cultured neurons grew on HP CNT arrays. At HP CNT surfaces, specific proteins such as laminin, vitronectin, and fibronectin [53] [54] [55] that mediate primary cultured neuron attachment and extension of their axons may add or subtract to the surface tension between the cell and nanostructured surfaces. It is clearly possible that the same proactive properties that promoted primary neurons in that in vitro study are promoting stem cell differentiation in the current in vivo study. These results (attraction of protein adsorption from neural tissue) may have caused the HP CNTs not to migrate in the brain which would increase their ability to serve as "anchors" for SVZ NPC differentiation at the site of stroke damage. In addition, previous research has suggested that these same CNTs increase adsorption of laminin, a key protein for promoting NPC differentiation into neurons. 48 To explain the functional recovery of animals, the migration to the injury site and synaptic formation of exogenous SVZ NPCs were investigated here with immunohistochemistry. HL CNT-SVZ NPC and HP CNT-SVZ NPC transplants showed early migration of SVZ NPCs to the injury core striatum. But, DCX immunoreactivity was higher in the HP CNT-SVZ NPC group compared with the HL CNT-SVZ NPC and SVZ NPCs alone groups. For structural integration of the brain, the CNTs probably facilitated not only migration of SVZ NPCs but also neuronal connectivity. At 5 weeks following injury, HP CNT-SVZ NPC transplantation helped the formation of synapses to connect neuronal cells to the host tissues. However, synapse formation was not seen at 1 week or 3 weeks after transplantation (data not shown). These results proved that the wettability of CNTs influenced differentiated SVZ NPCs to exhibit the characteristics of functional neurons and degree of synapse formation.
Earlier it was reported that NPCs alone (without CNTs) did not stay in the damaged portion of the brain, but rather they migrated toward healthy portions of the brain after transplantation. 40 Using CNTs alone, little restoration of the infarct cavity was observed in the injured brain. 33 An understanding of the feasibility of implanting stem cells, their behavior of migration in response to lesions induced in brain tissues, and the mechanism of their in vivo differentiation into neighboring neural cells is essential for developing and refining stem cell transplantation strategies for the repair of damaged nervous system tissue. 62, 63, 69 The current study clearly demonstrates that nanosized carbon materials possessing different surface energies can be utilized as novel biocompatible materials with strong potential for healing damaged neural tissue. A better understanding of the interactions of HP CNTs and HL CNTs with stem cells at the molecular level may help to further such efforts and help transplanted NPCs reside and differentiate into neurons in injured brains.
Conclusion
This current investigation revealed that CNTs impregnated with SVZ NPCs could heal stroke damaged neural tissue in a rodent model. Compared to the EC groups, results of this in vivo study provided evidence that CNTs helped the differentiation of SVZ NPCs into viable, functioning neurons that might reestablish electrical activity in damaged neural tissue. Also, these results proved that HP CNTs submit your manuscript | www.dovepress.com
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outperformed HL CNTs and efficiently differentiated SVZ NPCs to become migrating functional neurons with synapse formation. Overall, the animals transplanted with SVZ NSCs alone and CNTs impregnated with SVZ NPCs showed functional recovery, but the results were better with CNTs. Such data highlights the promising role that CNTs may play in healing brain damage that may occur due to a number of neuropathological situations (eg, stroke, Parkinson's disease, and Huntington's disease).
